Objective: To determine whether there is an association between abnormal semen parameters and occupational exposures to organic solvents, metals, and pesticides. Design: Case-control study using three case groups based on different cutoff values for semen parameters and one standard reference group. Setting: University Hospital Utrecht and University Hospital Rotterdam, the Netherlands.
Approximately 15% of all couples trying to achieve pregnancy have problems with their reproductive function. A male factor is involved in approximately half of these couples (1) . In a considerable number of men with abnormal semen characteristics, the etiology is unexplained (1) and may involve unknown environmental or occupational factors. The ability to treat male factor infertility using new assisted reproduction techniques has generated insufficient interest in better understanding the underlying etiologies of male infertility and possibilities for prevention (1) .
A few specific occupational exposures, such as the nematocide dibromochloropropane (DBCP) and lead, have long been recognized as risk factors for male infertility (2) . So far, however, no chemicals have been associated with effects as strong as those of DBCP. Reproductive toxicity has not been established for the vast majority of chemical agents to which people are exposed.
Semen quality has been studied most often in surveys among working populations using semen analysis to evaluate reproductive function. The participation rate in these studies was often extremely low, typically 25%-50%, thus compromising the validity of these studies by the possibility of selection bias (2) . Alternatively, infertility clients have been used to investigate the role of occupational factors in male fertility (3) (4) (5) (6) (7) (8) (9) . These studies allow the evaluation of semen analyses at a high response rate. However, the collection of exposure information has typically been limited to a few generic questions. The use of such crude methods can result in an unacceptable degree of misclassification of exposure and underestimation of the relationship between exposure and semen quality or quantity. Thus, lack of association in studies using crude measures of exposure cannot be interpreted as lack of effect (10) .
The purpose of this study was to investigate associations between exposure to organic solvents, metals, and pesticides in the work environment and semen characteristics of male partners of infertile couples visiting two infertility clinics in the Netherlands. The obvious need to reduce exposure misclassification led us to ascertain detailed exposure profiles by means of job-specific questionnaires about activities associated with the individual's work setting. In addition, postshift urine samples were collected, and metabolites of specific solvents and urinary metal levels were used as an additional measure of exposure.
MATERIALS AND METHODS

Selection of Subjects and Semen Analysis
The study population comprised the males from couples having their first consultation at two infertility clinics in the Netherlands between May 1995 and September 1996. We obtained approval from the institutional review board of both university hospitals. The total number of male subjects who were asked to participate in this study was 1,536, of whom 1,152 (75%) agreed. Subjects who did not provide a semen sample or those with a pathology unlikely to be caused by occupational exposures were excluded from the study: maldescended testes, history of vasectomy or vasovasotomy, history of chemotherapy, radiation therapy, infections, endocrine hypogonadism, and sexual dysfunction. A total of 899 men were included in the study and delivered a semen specimen.
Semen evaluations in both laboratories followed exactly the same procedures as defined by the World Health Organization (11) . Both laboratories are coordinating a large multicentric quality control study among Dutch infertility clinics to enhance the standardization of techniques. Subjects provided a semen sample after an abstinence period between 2 and 7 days.
Three different case definitions were used: [1] a lenient case definition included all subjects with a sperm concentration Ͻ20 ϫ 10 6 /mL, Ͻ50% motile sperm, or Ͻ14% normal forms (Cases A), [2] a stricter case definition included all subjects with a sperm concentration Ͻ5 ϫ 10 6 /mL, Ͻ10% motile sperm, or Ͻ5% normal forms (Cases B), [3] a rigid case definition comprised of individuals with azoospermia (Cases C). The reference group comprised subjects with a sperm concentration of Ն20 ϫ 10 6 /mL, Ն50% motile sperm, and Ն14% normal forms.
Questionnaires and Exposure Assessment
Information was collected in several stages. Before the visit to the infertility clinic, subjects were asked to fill in a generic questionnaire about sociodemographic characteristics, lifestyle habits, information concerning previous infertility consultation, time elapsed in trying to conceive, and details of their occupational history. Furthermore, men were designated as having either primary or secondary infertility on the basis of whether they had fathered a child before the time of hospital contact. The information about job characteristics was used to classify subjects a priori as occupationally nonexposed or potentially exposed to organic solvents, metals, or pesticides.
Those classified as potentially exposed were asked to fill in a second, job-specific questionnaire, which was a modified version of the questionnaires developed by Blatter et al. (12) . For subjects who refused to fill in a job-specific questionnaire, the exposure assessment was based on generic questionnaire information. Each job-specific questionnaire elicits detailed information on occupational tasks performed, products handled, handling technologies, and frequency of activities.
Those subjects involved in metal grinding or polishing, welding, flame cutting, and soldering were considered exposed to metals. Subjects involved in spraying of pesticides or regularly working on treated crops were considered to be exposed to pesticides. When subjects indicated pesticide exposure according to the job-specific questionnaire, details concerning the type of pesticides were collected subsequently by means of a short telephone interview. The interviewer prompted the subjects to give this information by naming specific trade names anticipated to be present in a particular agricultural setting.
A large number of products and occupational tasks were regarded to result in solvent exposure, e.g., handling of paints or lacquers, adhesives, degreasers, printing inks, and laboratory solvents. Organic solvent exposure occurred relatively often among subjects in this population and was, therefore, evaluated in more detail. In a case-by-case evaluation, exposure to organic solvents in general and exposure to specific classes of solvents (aromatic, aliphatic, oxygenated, and halogenated solvents) was scored on an ordinal three-point scale (i.e., high, moderate, and low or nonexposed). Subjects classified as highly or moderately exposed to solvents were considered to be exposed.
An independent assessment of the exposure to solvents was also made using a job exposure matrix (13) . A job exposure matrix can be regarded as a cross-classification of job titles and exposures developed by a team of experts (e.g., chemists or industrial hygienists) that allows exposure to be assessed on the basis of the job title. To reduce exposure misclassification, only subjects classified by this job exposure matrix as highly exposed were considered to be exposed.
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Urine Measurements
Irrespective of fertility status, 151 subjects who filled in a job-specific questionnaire were selected to deliver a urine sample at the end of a working day. To maximize exposure to organic solvents and metals in this subgroup, we randomly sampled a large proportion of the subjects with potential exposure and a smaller proportion of those who had low exposure or were nonexposed according to the job-specific questionnaire information. A total of 99 cases (86%) and 27 controls (75%) agreed to deliver a urine sample.
All urine samples were analyzed by reversed phase highperformance liquid chromatography (HPLC) for hippuric acid (a metabolite of toluene) and methylhippuric acid (a metabolite of xylene). Analyses of methoxyacetic acid (a metabolite of ethylene glycol monomethyl ether), ethoxyacetic acid (a metabolite of ethylene glycol monoethyl ether), and butoxyacetic acid (a metabolite of ethylene glycol monobutyl ether) in urine were performed by gas chromatography (14) . Trichloroacetic acid and trichloroethanol (metabolites of trichloroethylene) were analyzed colorimetrically according to the method of Tanaka et al. (15) . The creatinine content of all urine samples was determined with use of the Jaffé method. For hippuric acid, a cutoff point of 1.5 g/g creatinine was chosen to discriminate between occupationally exposed and nonexposed subjects (16) .
Metal levels were determined in postshift urine samples from 69 cases and 20 controls. Levels of nickel, chromium, cadmium, and manganese were determined with use of atomic absorption spectrometry (Perkin Elmer 5100) with Zeeman background correction (17) (18) (19) . Urinary zinc levels were analyzed with use of atomic absorption spectrometry (Perkin Elmer 3100) with deuterium background correction (20) . Metal levels were expressed in relation to creatinine levels.
Statistical Analysis
Adjusted odds ratios (ORs) and 95% confidence intervals (95% CIs) were calculated by means of logistic regression analysis. First, we analyzed the data using lenient criteria to define cases (Cases A). Subjects were separated into exposed and nonexposed categories for the various chemical agents. Subjects exposed to a particular agent were compared with all other subjects not exposed to that specific agent. Separate analyses were made for the total study population, for primary infertile men, and for primary infertile men who had never put their reproductive capability to a test or were referred by a general practitioner.
Subsequently, we selected variables with sufficient numbers of exposed subjects for in-depth analyses, using stricter cutoff values for semen parameters (Cases B and C). Metabolites of solvents were used as independent indices of exposure in logistic regression models. Mean urinary metal levels were compared between cases and controls by oneway analysis of variance. The logarithms of urinary metal levels were used in the analyses and back-transformed values were presented. Table 1 presents some of the demographic characteristics of the different case groups and controls. Partners of controls were older than partners of men with poor semen quality. Cases and controls were similar in other characteristics. A total of 195 (91%) of the subjects completed the job-specific questionnaires, with a similar participation rate for cases and controls.
RESULTS
Exposure to organic solvents, metal fumes and dusts, and pesticides, or a combination of these exposures was not associated significantly with reduced semen quality in the total study population (Table 2 ). When the analysis was restricted to primary infertile men, the risks were slightly elevated compared with those of the total population. An elevated risk was observed for aromatic solvents, although the 95% CI included unity (OR ϭ 1.92; 95% CI: 0.88 -4.19; P ϭ .10).
In an alternative analysis with subjects classified as exposed to aliphatic or oxygenated solvents but not to aromatic solvents, no excess risks were shown. Among primary infertile subjects, a dose response was present for aromatic solvents. The OR was 1.61 (95% CI: 0.69 -3.74) for moderate exposure and 4.05 (95% CI: 0.52-31.37) for high exposure (P for trend ϭ 0.07). Restricting the population further to primary infertile couples who had never put their reproductive capability to a test or were referred by a general practitioner did not yield different results.
Risks of abnormal semen parameters associated with aromatic solvent exposure assessed by different independent methods are shown in Table 3 . For primary infertile subjects, risks were elevated clearly for subjects classified as exposed according to the job exposure matrix and job-specific questionnaire approach, and risks increased when stricter cutoff values for semen quality and quantity were chosen. Combining the exposure estimates of both methods yielded the highest risk estimates. The risks decreased when the total population was considered in the analyses. Such in-depth analyses using different case definitions were not possible for metal and pesticide exposure, because the exposure prevalence was too low. Table 4 shows results for urinary solvent metabolites as independent exposure variables. In 18 cases (18%) and 1 control (3.7%) organic solvent metabolites could be detected (OR ϭ 7.04; 95% CI: 0.83-59.87; P ϭ .07). In most positive urine samples, hippuric acid or methylhippuric acid was detected. Metabolites of ethylene glycol monomethyl ether, ethylene glycol monobutyl ether, and trichloroethylene could each be found in one urine sample. Metabolites of ethylene glycol monoethyl ether could not be detected at all.
Classifying as exposed only subjects positive for hippuric acid and methylhippuric acid resulted in 17 (17%) exposed cases and 1 (3.7%) exposed control (OR ϭ 6.80; 95% CI: 0.79 -58.44; P ϭ .08). Risks for solvent exposure based on questionnaire information among subjects who delivered a Note: OR ϭ odds ratio; CI ϭ confidence interval. * Case A ϭ concentration of Ͻ20 ϫ 10 6 /mL or motility of Ͻ50% or morphology of Ͻ14%. † Adjusted for women's age, education, and hospital.
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urine sample (organic solvents: OR ϭ 0.92, aromatic solvents: OR ϭ 1.25) were similar to risks determined in the total study population (see Table 2 ). Hence, bias resulting from selective forces of participation in the subset of subjects delivering a urine sample is not likely.
Mean urinary metal levels did not differ between cases and controls (Table 5 ). On the basis of questionnaire information, 33 cases and 9 controls were exposed to metals, resulting in an OR of 1.28. Again, the risk is similar to that obtained in the total study population (see Table 2 ), suggesting that selection bias is not present in the subset analyzed for urinary metal levels.
Smokers had significantly higher mean urinary cadmium levels than nonsmokers (0.26 compared with 0.18 g/g
T A B L E 3
Associations of aromatic solvents as assessed by questionnaires and/or job exposure matrix with abnormal semen parameters using different case definitions. Note: JEM ϭ job exposure matrix; OR ϭ odds ratio; CI ϭ confidence interval. * Case A ϭ concentration of Ͻ20 ϫ 10 6 /mL or motility of Ͻ50% or morphology of Ͻ14%. † Case B ϭ concentration of Ͻ5 ϫ 10 6 /mL or motility of Ͻ10% or morphology of Ͻ5%. ‡ Case C ϭ azoospermia. § Adjusted for women's age, education, and hospital. Discordant: exposed according to JEM or job-specific questionnaires; Concordant: exposed according to JEM and job-specific questionnaires; simultaneously in one model.
T A B L E 4
Associations of solvents as assessed by questionnaires and measurements in urine with abnormal semen parameters among the subset of men delivering a postshift urine sample. Note: CI ϭ confidence interval; OR ϭ odds ratio. * Case A ϭ concentration of Ͻ20 ϫ 10 6 /mL or motility of Ͻ50% or morphology of Ͻ14%.
† Adjusted for women's age, education, and hospital. ‡ Hippuric acid-and/or methylhippuric acid-positive subjects.
T A B L E 5
Mean urine levels (g/g creatinine) of chromium, nickel, cadmium, manganese, and zinc for cases and controls. * Case A ϭ concentration of Ͻ20 ϫ 10 6 /mL or motility of Ͻ50% or morphology of Ͻ14%. † Determined by t-test (urinary metal levels in cases versus controls). ‡ Standardized for subjects of one hospital. § One value among cases was missing. Standardized for nonsmoking subjects of one hospital. creatinine, P ϭ .02), and mean chromium levels were higher among subjects exposed to stainless steel welding fumes than among other subjects (1.95 compared with 1.41 g/g creatinine, P ϭ .08). However, no significant associations were found between other metal exposure variables and urinary metal levels. Metal levels in urine were relatively low, as indicated for instance by the fact that only four urine samples exceeded 5 g/g creatinine for chromium, and none of the urine samples exceeded 2 g/g creatinine for cadmium.
DISCUSSION
This case-control study provides some evidence for an association between aromatic solvents and abnormal semen parameters. The risk estimates increased according to a dose-response trend. Associations were stronger if cases were defined according to stricter cutoff values for semen parameters. The excess risk for aromatic solvents was suggested in the analyses using three independent exposure assessment methods based on job-specific questionnaires, a job exposure matrix, and the determination of organic solvent metabolites in postshift urine samples. As is often the case in community-based studies, the prevalence of most specific occupational exposures was Ͻ5%. Consequently, only exposure to solvents could be subjected to detailed analyses, and, thus, the power to determine other occupational risks was moderate to low in this study.
Aromatic solvents are used extensively in industrial products, such as paints, varnishes, glues, metal degreasers, and in many chemical processes. Depending on the different exposure assessment methodologies that we used, 5%-15% of our control subjects were exposed to aromatic solvents. It is, therefore, likely that clinicians will see patients who are exposed occupationally to aromatic solvents in daily practice. A possible relation with spermatogenic disorders can be regarded to be of great public health importance based on this widespread use of solvents.
Occupational exposure to other solvents may have confounded the association between aromatic solvents and semen parameters. Simultaneous exposure to multiple solvents was common among the study subjects. However, subjects classified as exposed to oxygenated and aliphatic solvents and not exposed to aromatic solvents were not at excess risk. Nonetheless, we cannot rule out the possibility that the excess risk in our study was due to correlations of aromatic solvent exposure with some unknown occupational factors.
Exposure to various organic solvents has been associated with decreased semen parameters. An increased frequency of reduced sperm count among workers exposed to glycol ethers has been observed in field surveys (21) and in a case-control study among patients from an infertility clinic (5) . However, the number of subjects exposed to these wellknown reprotoxic glycol ethers is probably low in this population, because metabolites of glycol ethers could be detected only in a few urine samples. The findings of a recent study provide some support for an association between paternal organic solvent exposure and an increase in time to pregnancy (22) . The increased risk could not be attributed to specific solvent classes. Finally, risk of spontaneous abortions was increased among wives of men occupationally exposed to organic solvents in general or toluene in particular (23) .
The present study differs from most other case-control studies on male infertility in that special effort was made to evaluate the occupational exposure in great detail. Questionnaires were designed specifically for a particular job and directed at specific work practices related to chemical exposures. This approach is more sensitive than methods based on job titles or generic questionnaires, i.e., harmful occupational exposures are more likely to be identified by this approach than by the less elaborate exposure assessment methods often used in reproductive epidemiology. Because bias from random misclassification of exposure is reduced further by combining two independent but imperfect assessments, the dual assessment of exposure according to the job exposure matrix and job-specific questionnaires resulted in higher risk estimates.
It is of interest that increased risk estimates also were found for urinary metabolites of solvents. Unfortunately, including all subjects in the biomonitoring study was prohibitively expensive. All the postshift urine samples had to be collected at home by a member of the research team because timing of sample collection is of paramount importance when studying metabolites with a short half-life. The potential gain in precision from using biomarkers was, therefore, offset by a decrease in study size resulting from this labor-intensive approach. Hence, interpretation of the biomonitoring results was difficult because of the reduced statistical power to detect an association between exposure and abnormal semen parameters.
The measurements of solvent metabolites and metal levels in postshift urine samples can be regarded as a complementary index of exposure. Measurements in urine provide independent information on both the quantitative and qualitative aspects of exposure experienced by the study subjects, which cannot be assessed by job-specific questionnaires. For instance, urinary chromium levels among subjects exposed to stainless steel welding fumes appeared to be relatively low. It seems not unlikely, therefore, that the levels of metal exposure in this population were below the levels required to produce a detectable increase in risk.
Identifying cases of male infertility within a clinical setting carries a risk for selection bias, because case ascertainment is incomplete. Not all couples with an infertility problem seek medical help (24) . If factors related to the decision to seek medical care also are related to occupational exposures, this may result in etiologically irrelevant differences in
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exposure between infertile care-seeking cases and fertile controls who did not seek medical assistance. Moreover, selection patterns might differ across various treatments or investigations; e.g., couples pursuing elaborate procedures such as IVF might not be comparable to couples seeking an infertility workup.
Consequently, to minimize the potential for selection bias we recruited both cases and controls from the same group of couples having their first consultation. Unfortunately, the use of this design may have reduced the generalizability of the study results. Subjects attending an infertility clinic might represent a more susceptible group, thus potentially influencing the relation between occupational exposures and reproductive response.
The presence of selection bias cannot be ruled out completely because care-seeking behavior is not necessarily equal for different types of infertility. The direction and magnitude of this bias, if present, is unpredictable. Nonetheless, the potential for selection bias is expected to be greater for secondary infertile couples because the proportion of care seekers is lowest in this group (24) . The higher risk estimates found among primary infertile couples must be given therefore greater credence than those of the total population. An argument can be made for restricting the population further to primary infertile couples without previous detailed infertility workup because this population is expected to be less vulnerable to selection bias. It was reassuring that this exclusion procedure had no substantive effect on the results.
The usefulness of our case-control design might be hampered by the large day-to-day variability of semen parameters. This probably reduces the ability to discriminate between men with normal and abnormal semen parameters in this study population because only one semen sample was available per subject. From this perspective, our approach can be regarded as a conservative strategy that probably attenuates risk estimates (25) . Misclassification of subjects according to fertility status could be reduced to some extent by using stricter cutoff points to define cases. However, this approach resulted in small case groups and was feasible only for the analysis of relatively prevalent exposures, such as organic solvents.
In conclusion, this study of patients from two infertility clinics enabled us to evaluate the reprotoxic potential of chemical exposures across a large industrial spectrum in the Netherlands. The number of exposed subjects was low for most substances; therefore, we cannot exclude the possibility of small excess risks for most of the apparently negative associations. Nevertheless, the results indicated an association between aromatic solvent exposure and abnormal semen parameters, irrespective of the exposure assessment method used.
